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1. A study was made of the relation of the total calcium sup-
ply and of the degree of saturation of a colloidal clay by cakium 
to the growth, nodulation and chemical composition of soybeans. 
2. Clay cultures prepared by titrating electrodialyzecl col-
loidal clay with calcium hydroxide to the desired degree of cakium 
saturation permitted good grov.rth. Other series of clays \vith a 
neutral reaction were prepared by replacing the remaining hydro-
gen ions with magnesium, barium, potassium or methylene blue. 
The saturation by calcium varied from 40 to 97 per cent. 
3. Growth, nodulation, nitrogen-fixation and calcium absorp-
tion increased with higher calcium levels at a constant calcium sat-
uration, and likewise with an increase in the degree of saturation 
by calcium at a constant calcium level. 
4. The same general tendency ·was shown regardiless of wheth-
er either hydrogen, magnesium, barium or potassium was used a·s 
a supplementary ion. 
5. The substitution of the strongly adsorbed methylene blue 
cation eliminated almost completely the effect of a variation in 
the calcium saturation. This stl'ggests that the hydrogen ions ex-
creted by the roots of the plant, were not able to .exchange with the 
methylene blue cation to any appreciable extent. Thus, the entire 
displacing power of the plant's excreted hydrogen ions was directed 
toward the replacement of calcium ions, resulting in nearly equal 
absorption of calcium from the different cultures of variable de-
grees of calcium saturation but ample total calcium supply. With 
a readily replaceable supplementary ion, the energy of replacement 
was divided between the two and less cakium was adsorbed. 
6. The growth and nitrogen-fixing activities of legumes were 
closely related to the calcium present in the plant. The amount of 
calcium absorbed by the plants depended upon the calcium level 
and the degree of saturation of the clay by calcium. 
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Relation of the Degree of Base Saturation of a 
Colloidal Clay by Calcium to the Growth, 
Nodulation and Composition of Soybeans* 
GLENN M. HORNERT 
Introduction 
The importance of sufficient calcium for successful legume 
growth and inoculation has been recognized. It has been more 
recently observed that there is an intimate relationship between the 
calcium and nitrogen contents of plants. In the case of legumes, 
the liming of an acid' soil will usually enhance their nitrogen-fixing 
powers. The beneficial effects of liming an acid soil are com-
monly attributed to a decrease in the hydrogen-ion concentrntion, 
while the conditions under which plants secure an adequate supply 
of calcium have not been studied as thoroughly. Since the presence 
of a sufficient amount of calcium within the tissues of legume plants 
is necessary for their proper growth and nodulation, and since the 
adsorptive properties and exchange behavior of the colloidal clay 
fraction of the soil play a significant role in providing the plant 
with such, a study was undertaken to determine the influence of a 
variation in the degree of saturation of the clay adsorptive com-
plex by calcium upon the growth, nodulation and chemical com-
position of soybeans. 
Historical 
A variation in the calcium saturation of an acid soil is intimate-
ly related to its reciproca,l, namely, the acidity or hydrogen-ion 
concentration of the soil. An application of lime to an acid soil 
will increase the amount of replaceable calcium and will also lower 
the degree of acidity. Which of these two variables is the princi-
pal factor and how it operates in influencing legume growth ha's 
not been clearly demonstrated by the numerous studies mad·e on 
this problem. 
Lipman and Blair1 3:j:, Scanlan2 0, Albrecht and Davis4 
and others have reported the beneficial effects of lime on the growth 
and inoculation of legumes on acid soils. Holtz10 found that 
the calcium content of red clover was largely influenced by the 
*Submitt~d by the author in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy in the graduate school of the University of Missouri 1935 
\Form<;rlY researc~ s~holar !n soils, College of Agriculture, University of Missouri, now 
associate soil conservationist, United States Department of Agriculture Pullman Washington. 
:!:Numbers refer to iitems in References, page 36. ' ' 
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amount of calcium in the soil. Bryan° observed that the in-
oculation and power of plants to obtain calcium increased with a 
decrease in the acidity of the medium. Albrecht1 • 2 prepared 
cla:y cultures of varying degrees of acidity at different calcium 
levels and noted that the nodulation of soybeans was correlated 
with both the degree of acidity and the available calcium supply 
in the soil. At pH 5.0, or lower, nodulation was inhibited by the 
excessive degree of acidity, while at pH values higher than this, the 
nodulation failure wa:s related more closely to the available calcium 
in the soil. Albrecht and Davis3 concluded that the beneficial 
effect of calcium was the result of its presence wi·thin the plant. 
They observed that both the addition of lime to an acid· so-ii already 
inoculated and the absorption of calcium by the plant in its ea·rly 
growth increased the nodulati.on of soybeans. 
Pierre19 found a good correlation between the percenta:ge 
base saturation of acid soils and defective growth, and suggested 
that this is one of the most important factors in determining the 
growth of plants on a·cid soils. He also suggested that the relative 
proportion of the various bases present in the exchange complex 
and in the soil solution may be contributing factors to poor plant 
growth obtained on acid• soils. 
The question then arises as to what effect the various bases 
on the exchange complex have on each other so far as plant growth 
is concerned. Ginsburg and Shive8 found a correlation between 
the calcium in the soil solution and in soybean plants. Fonder7 
and Lipman, Blair and Princeu. found a physiological ba:lance 
in alfalfa plants between calcium and potassium. A high calcium 
content wa·s usually accompanied by a low potassium content and 
vi<:e versa. Similar observa:tions were made by Loewhing10 for cer-
tain crop plants. He pointed out that additions of potassium may 
cause calcium starvation on soils low in ca:lcium, and additions of 
calcium to soils low in potassium may cause potassium starvation. 
Hoagland and Martin9 found that the potassium content of the crop 
consistently depends upon the exchangeable pota:ssium in the soil, 
and that a striking interrelationship exists between the calcium, 
magnesium and potassium in the soil. Pfeiffer and Rippel18 and 
Moser1 7 suggested that the beneficial effect of liming was not due to 
an alteration of the calcium-ma:gnesium ratio, but to an increase in 
replaceable calcium. 
The various studies reported to da·te suggest that the capacity 
of the plants to absorb the different bases from colloidal cla:y com-
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plex may be related to the degree to which each occupies the ad-
sorptive capacity of it, and to the extent to which different bases 
influence eacry others exchange activities. A critical study of these 
questions by varying one exchangeable base at a time in its degree 
of saturation of the complex and noting its influence on the plant 
behavior should indicate the role played by these factors so com-
monly and highly variable in the soil. The work reported here-
with represents an attempt to understand more fully the calcium 
nutrition of . legumes manifested in their growth, nodulation and 
composition as related to the degree to which the colloidal clay 
complex of the soil is saturated by the nutrient element calcium. 
Plan of Experiinent 
The study was designed to test the effect of the variation in 
degree of saturation on the plant growth by using quartz sand with 
different amounts of specially prepared colloidal cla'Y carrying dif-
ferent amounts of adsorbed calcium, as a growth medium for soy-
beans. 
The Virginia variety of soybean was selected for this work 
as its behavior under such conditions was known from previous 
studies at this Station. The plants were grown under greenhouse 
conditions in cultures of pure quartz sand to each of which had been 
added the specific amount of a particular colloidal clay. The 
quantity of the special colloidal clay added was designed to supply 
the desired amount of calcium at definite degrees of saturation of 
the adsorption complex. 
PREPARATION OF THE COLLOIDAL CLAYS 
The colloidal clay had been purified by electrodialysis5 and 
was used in the preparation of these clay systems by titrating, with 
a calcium hydroxide solution, to the desired degree of saturation in 
calcium. he titration ·curve for this clay is shown in Figure 1. The 
exchange capacity of the clay was approximately 62 M.E.* of base 
per 100 grams of clay. 
In the first study here reported, the amounts of calcium per 
pl.ant were the following, 0.05, 0.10, 0.20 and 0.30 M.E. A single clay 
system was used. The electrodialyzed acid clay was saturated by 
calcium to 97 per cent of its adsorptive capacity to give a pH of 
6.9 and only different amounts of the same clay were taken to sup-
*M.E. is an abbreviation for milligram equivalents per 100 grams of soil and will be used 
fo the following pages. 
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Fig. 1.-Titration curve of hydrogen clay and calcium hydroxide. 
ply these different amounts of calcium per plant. Thus there was 
given to the plants varying amounts of calcium at a constant degree 
of calcium saturation in order to determine first the amount of cal-
cium most effective under the conditions of the experiment. Prev-
ious studies2 had pointed to 0.20 M.E. of calcium as sufficient 
calcium and this trial was inserted here for verification of this fig-
ure. For the remaining studies, different clay systems were pre-
pared so as to make possible several series of cultures in which the 
degree of base satura,tion in calcium was varied in each series, while 
the total amount of repla·ceable calcium per plant was kept con-
stant at 0.20 M.E., an amount sufficient according to previous. 
studies. Each series of cultures included the following percentages 
of calcium saturation: 40, 60, 75, 87.5 and 97. The balance of the 
saturation capacity was met by hydrogen or another positively 
charged ion. In order to provide a constant amount of calcium 
per plant in each culture, it was necessary to increase the amount 
of clay with decreasing saturation in calcium. This variation in 
amount of clay in the quartz sand was not significant enough to 
disturb physical conditions of the medium. 
In order to produce one series of the clay systems carrying 
\·arying amounts of calcium supplemented by reciprocally varying 
amounts of other cations, only calcium was added to the hydrogen 
clay. This resulted in a calcium-hydrogen series with a pH range 
of 5.1 to 6.9. The other series of clay systems were prepared with 
the same variation in the degree of saturation in calcium, but ca-
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tions other than hydrogen were added until the colloidal complex 
was 97 per cent sa·turated by bases. In each series the hydrogen 
ion was replaced by another ion fully enough to give approximately 
a neutral clay with a pH 6.85 to 6.90. Magnesium, barium, potas-
sium and methylene blue were the cations used for this purpose. 
Each series consisted of four cultures with the degree of satura-
tion in cakium as 40, 60, 75 and• 87.5 per cent and the correspond-
ing percentages of the supplementary ion as 57, 37, 22 and 9.5. The 
total quantities of the supplementary ions added to the cultures 
were 1.06, 2.90, 6.13 and 14.19 M.E., respectively. The fifth cul-
ture of the calcium-hydrogen series, with the clay 97 per cent sat-
urated by calcium, was considered as common to each of the other 
series. On this plan, each series consisted of five cultures with 
calcium saturation ranging from 40 to 97 per cent, and with the 
corresponding saturation of the supplementary ion ranging con-
versely from 57 to 0 per cent. 
In the preparation of the different clays, the supplementary 
ion* was the first to be added to the electrodialyzed clay in the 
desired amount. After equilibrium conditions were reached be-
tvveen the clay and the supplementary ion, the calcium was added 
as the hydroxide. Magnesium was added as the oxide and the 
barium and potassium as the hydroxides. A different procedure 
was followed in preparing the calcium-methylene blue-clay, since 
it was necessary to remove from the system the chlorine carried 
by the methylene blue molecule. A calcium saturated· clay was 
treated with a solution of methylene blue until the calcium was 
completely replaced by the methylene blue cation. This was con-
tinued until a slight excess of methylene blue remained as a free 
electrolyte. The calcium chloride produced by the reaction be-
tween the Ca-clay and methylene blue, and also the free methylene 
blue were washed out by repeated centrifugings with alcohol. This 
was continued until the washings were free from chlorides. This 
methylene blue clay was then mixed with pure Ca-clay in the prop-
er amounts and proportions to give the desired calcium-methylene 
blue-clays. This method was adopted on the assumption that cal-
cium and methylene blue cations would interchange in accordance 
with their differences in concentration and would reach equilibrium 
in accordance with such. It has been pointed out, however, by 
Mattson1 a that the methylene blue cation is very strongly ad-
sorbed .and does not appear to be dissociated from the colloidal. 
*With the exception of the first methylene blue clay series. 
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complex. It might be expected then, that the mere mechanical 
mixing of Ca-clay with methylene blue-clay would result in very 
little or no chemical reaction between the two systems. That is, 
those ind•ividual colloidal particles originally saturated with cal-
cium would remain as such, instead of having adsorbed a definite 
proportion of both calcium and methylene blue ions, as is probably 
true in the case of the other systems used in this investigation. If 
such is true, then the four calcium-methylene blue systems would 
be identical so far as the calcium is concerned, since each had the 
same amount of completely saturated Ca-clay mechanically mixed 
with different quantities of the relatively inactive methylene blue-
clay. 
As a test of this point, another calcium-methylene blue clay 
series was prepared according to the' following procedure. Elec-
trodialyzed clay was treated1 with small successive additions of a 
methylene blue solution. After each addition, the clay was elec-
trodialyzed for about 8 hours in order to remove most of the free 
hydrochloric acid resulting from the replacement of the hydrogen 
ions on the clay by the methylene blue cation. Care was taken 
to keep the concentration of the acid below 0.001 normal. By 
noting the total amount of the standardized methylene blue solu-
tion added to the clay and also by determining the quantity of re-
placeable hydrogen remaining adsorbed on the clay, it was possible 
to saturate the clay to the desired extent with the methylene blue 
cation. When this point was reached, the clay was thoroughly 
electrodialyzed until free from the chloride ion. This was accom-
plished without any appreciable removal of the methylene blue ca-
tion, because of its high energy of adsorption. By repeating the 
above procedure with different portions of H-clay, four hydrogen-
methylene blue systems were prepared, each with the desired de-
gree of saturation in the methylene blue cation. The remaining 
adsorbed hydrogen ions were then replaced with calcium ions to 
produce approximately neutral calcium-methylene blue-clays in 
which the amount and degree of satur.ation in calcium duplicated 
the other series. This series will hereafter be designated as the 
"calcium-methylene blue series II" to distinguish it from the first 
one, which will be termed the "calcium-methylene blue series I". 
PLANT GROUPS GROWN 
The plants were grown in three different groups designated 
as A, B and C according to their sequence. Group A, which con-
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sisted of the calcium-hydrogen, calcium-magnesium and calcium-
barium series, was planted in November. Group B, which consist-
ed of the calcium-potassium, calcium-methylene blue I and· calcium-
variable level series in addition to a duplicate of the calcium-hy-
drogen series of group A, was planted in F~bruary. Group C, 
which consisted of the calcium-hydrogen series was planted the 
following January. The Ca-H series was repeated in each group 
as a basis for comparison between the three groups a:nd as a check 
on seasonal differences in growth. After the growth of tl-.e first 
group and the complete removal of the plants, the same cultures 
were replanted without any change of the system or procedure. 
T'he plan of the treatments arranged in scheinati.c form was as 
follows: 
Combination of cations Season of Period of 
Group on the clay growth growth-days 
A Calcium-hydrogen 
Calcium-magnesium November 30 
Calcium-barium 
Calcium-hydrogen 
Calcium-potassium 
B Calcium-methylene blue I February 30 
Calcium at variable levels 
Calcium-hydrogen 
c Calcium-methylene blue II January 35 
The sand-clay cultures were each planted with 50 soybeans, 
which had been soaked in distilled water 24 hours and germinated 
between filter papers until the radicles were about 1 cm. in length. 
Inoculation of the plants was insured by adding to the cultures a 
suspension of the proper bacteria in distilled water. An optimum-
moisture content was maintained by daily additions of distilled 
water. The growth period was 30 days for groups A and B and 35 
days for group C. In order to eliminate the effects of photoperiod-
ism, resulting from the short winter da:ys, the sunlight was sup-
plemented by sufficient artificial light to produce an approximate 
14-hour day. 
ANALYTICAL METHODS 
The analytical data reported in this paper represent the analy-
ses of both the tops and roots of 50 plants. The analyses of cal-
cium, magnesium and potassium were made according to standard 
analytical methods on aliquots of a concentrated sulfuric acid diges-
tion of the plants. The nitrogen was determined on separate 
aliquots. 
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Experimental Results 
GROWTH AND NODULATION 
-First Cropis, Group A, B and C-
Relation to Total Exchangeable Calcium.-The general growth 
of the pfa.nts as related to the total quantity of calcium available 
at a constant hydrogen ion concentration is shown by the data in 
Table 1 and Figures 2 and 3. These results point out that as the 
supply of calcium per plant was increased fr.om 0.05 to 0.30 M.E., 
the height, weight and nodulation were increased by 87, 61 and 465 
per cent, respectively. The increa·sing growths for the increasing 
amounts of calcium, viz: .1·0, .20 and .30 M.E. per plant arrange 
themselves in a straight line rela:tion which is in decided contrast 
to the growth given by .05 M.E. per plant. This indicated this 
-· 
TABLE 1.-RELAT ON OF THE TOTAL E XCHANGEABLE CALCIUM 
TO THE GROWTH AND NoDULATION OF SOYBEANS 
Calcium 
per Plant 
M.E. 
0.05 
0.10 
0.20 
0.30 
Weight of 50 Plants 
Average 
Height Tops Roots Total 
cm. gm.r. gmI. gms. 19.0 4.304 1. 313 S.617 30.4 6.008 1.643 7 .651 32.4 6.621 1.692 8 .313 35 . 6 7.327 1.764 9.091 
.... i.. 
<II <II 
~ p. 
tti'---:'-;-'-1--~~~~~~-+~~~~--!"'ill-!2~0 180 ~ 
.... 
5 15 90 
.05 .10 .20 .30 
Total Exchangeable Calcium (M.E. per Plant) 
.g 
0 
:.. 
Fig. 2.-Relation of the total exchangeable calcium to the growth 
and nodulation of soybeans. 
Nodules 
l>l~~t~ 
97 
221 
331 
45 1 
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smaller amount to be less than required for normal growth under 
these conditions. 
Fig. 3.-Growth of soy,beans as related to total exchangeable cal· 
cium (increasing calcium from left to right). 
Relation to Degree of Calcium Saturation.-It is impossible to 
make a direct quantitative comparison between the three different 
groups of series, since each group was grown at a different season. 
The general climatic growing conditions at the time group B was 
planted were better than when group A was planted. The same 
was true in the case of group C as compared to groups A and B. 
This probably accounts for the greater growth of group C and for 
the intermediate gr,owth of group B as shown when the data given 
for these three groups in Tables 2, 3 and 4 are compared. Figures 7, 
8 and. 9 giving photographs of the separate series in each of these 
groups also illustrate this improved growth in the latter plantings. 
The cultures of each series are numbered in sequence according to 
the increasing degree of saturation of the clay by calcium. Culture 
numbers i, 2, 3, 4 and 5 correspond to 40, 60, 75, 87.5 and 97 per 
cent saturation by calcium, respectively. More effective compari-
son can be made of these groups by reference to Figure 4 which 
gives graphs for the height of the different series in the groups, to 
Figure 5, giving the weight similarly and to Figure G, treating 
the nodule production in a likie manner. 
The three calcium-hydrogen series, which represent a: variation 
in both the degree of calcium saturation and the hydrogen-ion con-
centration-two variables which are reciprocally related-show 
that growth' and nodulation improved with a decreasing hydrogen-
ion concentration and an increasing calcium saturation. Which of 
these two variables is the moroe signifi.cant factor is not evident in 
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the . data from the calcium-hydrogen series alone. N odulation, as 
measured by the number of nodules, ran parallel to the general 
growth of the plants a:s is indicated when the Ca-H graphs of Fig-
ure 6 are compared with those corresponding in Figures 4 and 5. 
The influence on growth and nodulation by a variation in acidity 
is shown clearly by the calcium'-hydrogen series data in Tables 2, 3 
and 4, by the corresponding curves in Figures 4, 5 and 6 by the 
photographs for this in Figures 7, 8 and 9. When compa:red with 
TABLE 2.-RELATION OF DEGREE OF SATURATION OF THE CLAY BY CALCIUM 
TO THE GROWTH AND NoDULATION OF SOYBEANS (GROUP A, FIRST CROP) 
Culture 
Number 
l 
2 
3 
4 
5 
l 
? 
3 
4 
I 
2 
3 
4 
Calcium · 
Saturation 
% 
40 
60 
75 
87.5 
97 
40 
60 
75 
87.5 
40 
60 
75 
87 .5 
Height Tops Roots Total I · ;Wei,ht of 50 Plants A,·erage I 
-----1·-----
cm. gm.r. gm.r. 
Calcium-hydrogen Series 
§U I ~: m I u~~ \ 35.0 5 . 660 1.608 
36.7 5.944 1.575 
38.1 6 . 296 1.610 
Calcium-magnesium Series 
37.8 I 5.414 
1
. 1.216 I 43 .4 6 .465 I. 623 
41.5 6. 056 1.461 
40.l 6 . 142 1.540 
28 . 9Calciul m-b4~i9'J2 Ser,ies !. l 7Z I 
31.8 5.224 1.217 
34.7 . 5.638 1.369 
37.5 6 .442 1 .477 
gnu . 
4.985 
6.897 
7 . 268 
7.519 
7 .906 
6.630 
8.088 
7.517 
7 .682 
6 . 134 
6 .441 
7.007 
7 .919 
121 
178 
198 
183 
185 
74 
136 
161 
203 
119 
163 
159 
212 
TABLE 3.-RELATION OF DEGREE OF SATURATION OF THE CLAY BY CALCIUM 
TO THE GROWTH AND NoDuLATION OF SOYBEANS (GROUP B, FIRST CROP ) 
Culture 
Number 
1 
2 
3 
4 
5 
1 
2 
3 
4 
I 
2 
3 
4 
I 
? 
3 
4 
5 
Calcium 
Saturation 
% 
40 
60 
75 
87 .5 
97 
40 
60 
75 
87 .5 
40 
60 
75 
87 .S 
40 
60 
75 
87.5 
97 
Average ,, Wc,ight of 50 Pla,nts 
Height Tops Roots 
-----
cm. gnu. gmI. 
Total 
gm;. 
~6 ylciulm-hyf]~r se,ri•• Lm 
1 31.5 5.938 1.575 
31.6 6 . 116 !. 758 
32.4 6.621 1.692 
Ca,lcium-potassium Series 
26 . 5 I 4.937 I 1. 368 I 31.8 5.711 1.540 
35.7 6.614 1.581 
36.0 6.801 1.815 
Cf ~um-mlethyt!tf1ue,Serlh~ l 
32 .6 6 . 914 1.485 
33.4 6.735 1.816 
Average Values for Groups A and B 
(1 Calc~u9".'smeth,ylen4~Js9 Ser,ies 01'.iii~d) 34.3 5 . 6.67 1.451 35.7 5.981 1.519 
36.4 6.289 1.633 
35.3 6.459 1 . 651 
6.471 
6.912 
7 .513 
7.874 
8.313 
6.305 
7 . 251 
8.195 
8.616 
8.110 
8.175 
8.399 
8.551 
-----
6.105 
7.118 
7.500 
7.922 
8.110 
243 
294 
319 
354 
331 
208 
243 
251 
304 
358 
341 
328 
379 
153 
203 
218 
251 
258 
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TABLE 4.-RELATION OF DEGREE OF SATURATION OF THE CLAY BY CALCIUM 
TO THE GROWTH AND NoDULAT!ON OF SOYBEANS (GROUP C, FIRST CROP) 
15 
Culture 
Number 
Calcium 
S.:i.turation 
% 
40 
60 
75 
87 .5 
97 
11::"' I ~=~ T":::: n,r_t_• _T_g:-t,-~1 __ , __ ;_1_!:_5~_r_ 
Calcium-hydrogen Series 
I 
2 
3 
4 
5 
I 
2 
3 
4 
e 
CJ 
.., 
iii 
..... 
42 
38 
34 
30 
26 
36 
£ 32 
Q) 
lijl 
~ 28 
~ 
24 
40 
36 
32 
28 
40 
60 
75 
87 .5 
29.3 I 6.728 I 2 . 042 I 32 .7 7.375 2.071 
32.7 7.625 2.041 
32.6 7.950 2 . 283 
33 .6 8.674 2 .489 
Calciu m-methylene Blue Series I! 
32.7 ·1 8.353 I 2.069 I 31.9 8 . 302 2.262 
32.2 8. 359 2.381 
32.2 8. 370 2.344 
Group c 
1------~-l.tCa-H series {Ca::iii;;t.11-:-"B1 ----------e 
~ 
Group B 
Ca-Ky....-
......... 
--------
.,.. ......... 
. 
----~ -- Ca-HJ' 
-- t-tc;~meth . Bl1 e 
(/ .......... 
_......./ 
--
---1--
._./ 
---7 
A 
8 . 770 
9.446 
10 .366 
10.233 
11.163 
10.422 
10 .564 
10. 740 
10. 714 
------
I'....._ 
---~ 
b> LA.-Ea-Mg Group --
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the influence by a variation m the calcium level given m Table 1 
and Figures 2 and 3, these indicate most strongly that under these 
conditions the total amount of available calcium is a more impor-
tant factor than a variation in thie d~gree of saturation of the clay 
in calcium, or its concomitant, the hydrogen-ion concentration. 
These data presented confirm those of Albrechit1 2• 
In those series in which the exchangeable hydrogen was re-
plaoed by magnesium, barium or potassium completely enough to 
result in a neutral reaction, the general variations in growth a'11d 
nodulation duplicated . the results of the cakium-hydrngen series. 
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This was especially true of the nodulation, where the differences 
as related to the variation in saturation with calcium were more 
significa:nt than in the calcium-hydrogen series. 
Relation to Degree of Saturation by Other Cations.-The ad-
dition of magnesium and potassium in the calcium-magnesium and 
calcium-potassium series, respectively, introduced these two nutri-
ent elements as add~tional variable growth factors in these two 
series. This is shown by the general stimula:tion of growth in these 
two series. When magnesium was present m the exchangeable 
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Fig. 7.-Growth of soybeans as related t o degree of calcium saturation (Group 
A , first crop, increasing saturation from l eft to right) . 
form, the height was especially increased as shown in Figure 4. 
This increased with an increasing availability of magnesium until 
the complex was 60 per cent saturated wi•th calcium and 37 per 
cent saturated with magnesium, b11t decreased to the lowest value 
where the proportion of calcium to magnesium was 40 to 60. Sim-
ilar variations in weight shown graphic'ally in Figure 5 were found 
to exist, although not as definitely as those for height. For the 
lower pota:ssium values, there was a marked increase in height and 
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Fig. 8.-Growth of soybeans as relatecl to degree of calcium saturation (Group 
B, first crop, increasing saturation from left to right). 
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weight. However, with a relatively greater increase in available 
potassium which was accompanied by a decrease in saturation by 
calcium, the growth diminished at a greater rate tha:n in the cal-
cium-hydrogen series. Despite these irregularities in the magn-
itude of the growth associated with the introduction of magnesium 
and potassium to the cultures, the degree of nodulation was consist-
ently below that of the calcium-hydrogen se1'.i,es. 
The introdtiction of barium into the complex as a substitute for 
hydrogen gave results very similar to those obtained· in the cal-
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Fig. 9.--Growth of soybeans as related to degree of calcium saturation (Group 
C, first crop, increasing saturation from left to right). 
cium-hydrogen series, indicating that the barium and hydrogen ions 
may have had approximately the Sqme effect on the plants. Since 
barium is not an essential element for plant growth, it should not 
be expected to behave like magnesium or potassium. 
The general similarity of the results, obtained by substituting 
these readily exchangeable ions for the hydrogen ion of the unsat-
urated colloidal complex, indicates that the variation in growth of 
these plants in an acid soil is not necessarily related to the varia-
tion in the hydrogen-ion concentration, but rather to its concomi-
tant, namely, the degree of calcium saturation. 
The calcium-methylene blue series gave different results. The· 
substitution of this strongly adMrbed and slowly exchangeable ion 
for the hydrogen ion resulted in eliminating the influence of the 
variation in the degree of saturation of the clay by calcium, as the 
growth and nodulation of the plants were very similar in all of 
the calcium-methylene blue cultures. This is evident in Figures 
4, 5 and 6 in which the graphs for these series run almost horizon-
tally while those for the other series represent a rise with increas-· 
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ing calcium saturation. The two methods employed in the prep-
aration of the methylene blue clay systems had no influence upon 
the results. That is, no difference was evident in the growth of 
the plants in the cultures prepared by mixing methylene blue-clay 
with calcium-clay and in those prepared by introducing the methy-
lene blue cation into the hydrogen system first and then complet-
ing the saturation of the complex with calcium. This suggests that 
the relative energy of adsorption of the various ions, used supple-
mentary to calcium in the colloidal complex, is an important factor 
in determining the o.bserved influence of the variation of the degree 
of saturation of the clay by calcium on the behavior of plants grown 
in cultures of the clay. Those ions which are very strongly ad-
sorbed, such as the methylene blue cation, reduce the effect of a 
variation in calcium saturation to a very low degree; while potas-
sium which is not as strongly adsorbed has the opposite effect. 
The chemical composition of the plants also points to this fact dis-
cussed more fully with the composition data. 
Second Crop, GI"!oup A 
After the removal of the plants in group A, the cultures were 
immediately replanted. The growth and nodulation of this secondi 
crop are shown in Table 5 and Figure 10. The absorption of dif-
ferent amounts of cakium from the different cultures by the first 
crop disturbed the original conditions as to the amount and degree 
of saturation of the clay by calcium. The calcium level per plant 
was reduced from the original value of 0.20 M.E. in the number 1 
cultures, to 0.145 M.E. in culture number 5 and to intermediate 
values in the other cultures. Similar reductions occurred in the 
TABLE 5.-RELATION OF DEGREE OF SATURATION OF THE CLAY BY CALCIUM 
TO THE GROWTH AND NoDULATION OF SOYBEANS (GROUP A, SECOND CROP) 
Ca Weight of 50 Plants Nodules 
Culture I Ca I ~i~nt I Ave.rage I I I 
per 50 • 
Number Satu;tion H ight Tops Roots Total I ants 
M.E. cm1. Km.I. gmJ'. (m;. 
1 36.6 0.183 I c.\~~rTo!'.~~··1 1.468 
I 
6.511 210 
2 49.0 0.163 28.0 5.683 1. 775 7.458 299 
3 59.0 0.157 27 .5 5. 860 1.530 7.390 335 
4 66.1 0.151 27.1 5.883 1.467 7.350 340 
5 70.2 0.145 30.4 6.145 1.699 7.844 . 362 
1 35.4 0.177 I c.13t7-mr·~~344seT 1.524 
I 
7.868 290 
2 47.6 0.159 32. 7 6.694 1. 707 8 .401 326 
3 57.5 0.153 32.0 6 .137 1.694 7. 831 306 
4 63.5 0.145 31.9 6 . 324 1.963 8 . 287 331 
Calcium- 1 arium Series 
1 36.8 0.184 
I 
22.5 
I 
4.927 
I 
0.955 
I 
5 .882 273 
2 51.1 0. 170 24.2 s .128 1.181 6 . 309 360 
3 60.5 0.161 24.S 5.349 1.120 6.469 306 
4 66.6 0.152 27.7 5.473 1.382 6 .855 333 
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Fig. 10.-Growth of soybeans as related to degree of calcium saturation (Group 
A, second crop, increasing saturation from left to right) . 
. degree of saturation by ca:lcium, so that the number 1 cultures were 
lowered from the original value of 40 per cent to about 36 per cent 
and culture number 5 from the original value of 97 per cent to 70 
per cent. Thus, in each series of cultures there was a decreasing 
calcium level in conjunction with an increasing degr·ee of satura-
tion of the clay by cakium. These two· opposite controlling fac-
tors should tend towa:rd a greater uniformity of the various cul-
tures, consequently tending to produce less variation in growth. 
The results show, however, that a general decrease in growth and 
nodulation accompanied a decrease in the degree of calcium satura-" 
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tion in the calcium-hydrogen and calcium-barium series. This in-
dicates that the variation in degree of calcium saturation more 
than counterbalanced the opposite variation in calcium level. The 
differences in growth were only about 50 per cent as grea:t as those 
of the first crop and therefore less significant. No consistent varia-
tion occurred in the calcium-magnesium series. This is probably 
due to the presence of available magnesium, which is a growth 
promoting factor. The decided increase in nodulation of the sec-
ond crop over that of the first may have been due to better inocula-
tion resulting from a better establishment of the infecting organism 
with a lapse of time, or it may have been the result of the more 
favorable environmental growing conditions which prevailed during 
the period of growth. In .general, the results of the second crop 
confirm the conclusions deducted from the results of the first crop. 
CHEMICAL COMPOSITION OF PLANT MATERIAL 
Calcium and Nitrogen 
The chemical analyses of the plant material show interesting 
relationships betwe·en the nature and extent of saturation of the 
clay adsorptive complex with bases and the composition of the crop. 
A good correlation also existed between the calcium content of the 
plants and the general growth and nodulation. 
The amount of atmospheric nitrogen fixed was taken as the 
difference between the amount in the plants and that origirallv 
p,resented in the seeds, since the electrodialyzed clay, quartz sand 
and distilled water introduced no additional nitrogen. The analy-
sis of the sieed used in groups A and B gave an average nitrogen 
content of 326. 7 ± 2.6 mgm. per 50 seeds. Seven samples of 50 
seeds each, which had been soaked and sprouted similarly to those 
pbnted, were analyzed and the difference between the minimum 
and maximum values was 9.3 mgm. A different sample of seed 
was used in pfanting group C, because that used in groups A and 
B had partially lost its vitality due to age. Analyses on seven 
samples of these seeds gave an average of 362.8 ± 5.3 mgm. of nitro-
gen per 50 seeds with a maximum variation of 18.7 mgm. 
Influence of Varying Calcium Levels.-The effect of a varia-
tion in the total amount of available calcium upon the nitrogen con-
tent of the plants is given in Table 6 and Figure 11. The calcium 
contents of the plants are also included. There is a very good cor-
relation between the quantities of total nitrogen and total calcium, 
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TABLE 6.-RELATION OF THE CALCIUM LEVEL TO THE CHEMICAL 
COMPOSITION OF THE PLANT MATERIAL 
Amount in 50 Plants 
Ca pH of Clay 
per Nitrogen Calcium 
-Plant At Close 
M.E. Total Fixed Total At 
% mgm. mgm. % mgm. Start Obs. 
0.05 5.533 310.8 -15.9 0.586 32 .9 6.90 4.95 
0.10 4.372 334.6 7.9 0. 765 58 .5 6.90 5 .15 
0.20 4 . 150 345.0 18.3 0.838 69 .6 6.90 5 .25 
0 .30 4.016 365 . 1 38.4 0.940 85.4 6.90 5.40 
*Observed and calculated values, respectively. See Page 33. 
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Cale.* 
5.25 
5. 25 
5 .45 
5.60 
each of which increased with an increasing cakium level. Differ-
·ences of 54.3 ~nd 52.5 mgm. of nitrogen and calcium, respectively, 
occurred between the lowest and the highest calcium levels. The 
data indicate that there was an increasing fixation of nitrogen as 
the calcium level was increas·ed from 0.05 to 0.30 M.E. per pilant. 
The negative value for the lowest calcium level indicates that there 
w~s a net loss of nitrogen from the plants in this culture. The ques-
tion as to whether there was no fixation and only a loss of nitrogen 
from these plants, or that the loss outbalanced· the fixation, is not 
apparent from the data. If a similar loss occurred in the other 
three cultures, then it is evident that the amount of fixation was 
gre~ter than that indicated by the data, because it would be neces-
sary to overcome the loss before a gain could be registered. Nev-
ertheless, a net difference of 54.3 mgm. of nitrogen per 50 plants 
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between the extremes of the calcium supply used suggests that t_he 
effectiveness of legumes as nitrogen fixers is very closely associated 
with their ability to secure sufficient calcium. 
Influence of Varying ,Degree .o.f Saturation by Calcium and 
-Other Mineral Cations.-The differences noted abov·e in the nitro-
gen a:nd calcium contents of plants grown on a range of calcium 
TABLE 7.-RELATION OF DEGREE OF SATURATION OF THE CLAY BY CALCIUM 
TO THE CHEMICAL COMPOSITION OF THE PLANT MATERIAL 
(GROUP A, FIRST CROP) 
Amount in 50 Plants 
pH, of Clay 
Nitrogen Calcium 
--1 I I I At Close Culture Total Fixed Total At ---Number % mgm. mgm. % mgm. Start ~\ Cale.* 
1 s. 777 288.0 
1 "1l'.~·r~,i;· r\u s .10 4 . 85 5.00 2 4.588 316.4 -10.3 0.651 44.8 s .so 5. 25 5.20 3 4.482 325 .8 -0.9 0.702 50.9 S.90 5.30 s .30 
4 4 .489 337 .5 10.8 0.764 57.1 6.45 5. 35 S.40 
5 4.324 341.9 15.2 0.800 63.2 6.85 5 .25 5 .so 
4.598 304.9 
Calcium-magnesium Series 
6.90 5 .40 5.90 1 i -21.8 I 0 .468 I 31.2 2 3.868 312.9 -13.8 0.613 49.3 6.90 5. 35 5 .45 
3 4.131 310. 5 -16.2 0 . 734 54 . 9 6.85 s .30 5 .45 
4 3.967 304.8 -21.9 0.824 63.0 6 . 90 5.30 5 .40 
Ca lei um-barium Series 
I S.141 315 . 3 , -11.4 
I 
0.386 
I 
23.9 6.90 5. 75 6.50 
2 4.863 313. 2 -13.5 0.594 38.0 6.85 5 .55 6.25 
3 4.532 317. 5 -9.2 0.672 47.0 6.85 5 .60 S.95 
4 4.392 347.8 21.1 0.707 56.2 6 . 85 5 .45 5.65 
*Observed and calculated values, respectively. Sec Page 33. 
TABLE 8 .-RELATION OF DEGREE OF SATURATION OF THE CLAY BY CALCIUM 
TO THE CHEMICAL COMPOSITION OF THE PLANT MATERIAL 
(GROUP B, FIRST CROP) 
Amount in 50 Plants 
Nitrogen Calcium 
pH of Clay 
-\ ---l I ,-~ At Close Culture Total Fixed At I Number % mgm. mgm. % mgm. Start Obs. Cale.* 
I 4 .92' 318.5 I c~l'",T1!','t," l'",. 8 5.10 4. 95 5.00 2 4. 755 328. 7 2.0 0.73 50 . 7 5 . 30 5.15 5. 20 3 4 . 383 329.3 2.6 0.783 58. 8 5 . 85 5.25 5.30 4 4 . 303 338. 8 12.l 0.857 67.5 6.30 5 .20 5 . 35 5 4.150 345 .0 18 . 3 0.838 69 .6 6 .90 5 . 25 5 .45 
4 _093 
Calcium-potassium Series 
I 314.8 i -11.9 I 0.452 I 28.5 6.85 s. 75 5. 75 2 4.503 326.5 -0.2 0.589 42.7 6.85 5.50 5 .45 3 4.193 343.6 16.9 0.653 53 .5 7.00 5 .45 5 .40 4 4.191 361.l 34.4 0.815 70.2 6.90 s . 30 5 .35 
1 4.109 
Calcium-methylene Blue Series l 
333.2 I 6.5 I 0.917 I 74.4 6.85 5 .55 6.15 2 4 . 067 332.5 5.8 0 . 821 65 . 1 6.85 5.40 6.00 3 4 . 033 338. 7 12.0 0. 744 62.5 6. 90 5.35 5 .80 4 4.062 347. 3 20. 6 0.754 64.4 6 .90 5 . 30 5.60 
Average Values for Groups A and II 
I 5.050 
I 
,a,c;TcTr:"i"''1i; T" !!~J'T 
I 
2 4.489 319.5 -7.2 0 . 634 45 . 1 -----3 4.337 325.3 -1.4 0 . 707 53.0 -----4 4.267 338.0 11. 3 0. 793 62.8 -----5 4.236 343.5 16.8 0 . 819 66.4 ---- -
*Observed and calculated values, respectively. Sec Page 33. 
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levels from 0.05 to 0.30 M.E. per plant were duplicated in general, 
in the other plant series in which the total supply of calcium was 
kept constant at 0.20 M.E. per plant, while the degree of satura-
tion of the clay by calcium varied from 40 to 97 per cent. The com-
position data are given in Tables 7, 8, 9 and 10 a:nd are shown 
graphically in Figures 12 and 1'3. 
There was a consistent increa:se in the amounts of nitrogen 
and calcium in the plants as the saturation by calcium increased, 
regardless of whether hydrogen, magnesium, barium or potassium 
was used as the ion supplementary to the varying calcium satnra-
tion, as the rising curves for these particular ion series in Fig-
TABLE 9.-RELATION OF DEGREE OF SATURATION OF THE CLAY BY CALCIUM 
TO THE CHEMICAL COMPOSITION OF THE PLANT MATERIAL 
(GROUP c, FIRST CROP) 
Amount in 50 Plants 
I 
Nitrogen ,----1---C_a_Icl.i_u_m ___ l---=--1pH of ~lta~1-Io_•• __ . 
--~-~-~_'b_r•-~- ---%-- ~~~- -~-ig_x~-d-· _, ___ %_._,_~_0_gt.,,,_a1_. _, __ S_t_a_rt_ Obs. Cale.* 
1 
1 
3 
4 
5 
1 
2 
3 
4 
4 . 539 
4.417 
4.132 
4.087 
3.874 
4.087 
4.032 
3. 979 
3.936 
I 398 . l I 417.2 424.7 418.2 
. 432 .4 
Calcium-hydrogen Series 
35.3 I 0 .609 I 53.4 54.4 0.669 63.2 
61.9 0.899 93.2 
55.4 0.981 91.2 
69.6 0.856 95 .5 
Calcium-methylene Blue Series II 
428.3 I 65.5 
1
1.021 I 106.4 
425.9 63.1 1.043 110.2 
427.3 64.5 0.981 105.3 
421.7 58.9 0.993 106.4 
*Observed and calculated values, respectively. See Page 33. 
4.95 
5.20 
5.65 
6.30 
6.90 
6.95 
6.95 
7.00 
7.00 
4.80 
5 .05 
5 .15 
5.30 
5 .25 
5 .65 
5.40 
5 .40 
5.35 
4.70 
4.95 
5.05 
5.20 
5 .25 
5.80 
5 .45 
5 .30 
5 .20 
TABLE 10.-RELATION OF DEGREE OF SATURATION OF THE CLAY BY CALCIUM 
TO THE CHEMICAL COMPOSITION OF THE PLANT MATERIAL 
(GROUP A, SECOND CROP) 
Amount in 50 Plants pH of Clay 
Nitrogen Calcium I 1--T~1 I At Closo Culture Fixed Total At I Number % mgm. mgm. % mgm. Start Obs. Cale.* 
1 4.841 315 .2 
2 4. 513 336.6 
3 4.599 340.0 
4 4.802 352.9 
5 4 . 365 342.4 
1 4.385 345.0 
2 4.007 336.6 
3 4.547 356.2 
4 4.229 350.5 
I ~afli.Sm-hl yir.S
g3et Slerie~4. q 
Q.9 0.656 48.Q 
13 .3 0.662 48. q 
26.2 0.667 49.0 
15.7 0.70Q 55.6 
Calcium-magnesium Series 
I 18.3 l 0.495 I 38.9 9.9 0.600 50.4 29 .5 0.647 50.7 
23 . 8 0.718 59.5 
Calcium-barium Series 
4.85 4.65 4.70 
5.25 4.35 5.00 
5 .30 4.50 5 .05 
5. 35 4.65 5.05 
5 .25 4.45 4.80 
5 .40 4.90 5.15 
5 .35 4.50 4.95 
5.30 4.50 4.95 
5.30 4.40 4.80 
1 5.189 305.0 
2 5.009 316.0 
3 4.479 289.7 
4 4.376 300.0 
1-21.7 I 0.!6~ I 27.2 -10.7 O.oS- 34.8 
-37 . 0 0.599 38.8 
-26.7 0.644 44.2 
5. 75 5 .50 5.55 
5 .55 5 .15 5 .30 
5.60 5 .OS 5.25 
5 .45 4.95 s.zo 
*Observed and calculated values, respectively. See page 33. 
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27 
ures 12 and 13 indicate. This relation did not hold as well for 
the calcium-magnesium series in the case of nitrogen, which result-
ed in approximate equal losses in each culture. The irregularities 
in the height and weight of the plants from the calcium-potassium 
series in Figures 4 and 5 were absent in the case of calcium absorp-
tion and nitrogen fixation noted for this series. In fact, the slopes of 
these calcium and nitrogen curves were steeper for this series than 
in the calcium-hydrogen series. ·This duplicates the behavior as to 
nodulation. Although the nitrogen percentages decrease in the 
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Fig. 13.-Relation of the degree of saturation of the clay by cal· 
cium to the calcium content of plants. 
reverse order from that of the other properties, it should be point-
ed out that such a variation has little or no significance because· 
these values are due to a more rapid decrease in the weig·ht of the 
plants compared to the co·rresponding decrease in the weight of 
nitrogen. The values expressing the amount of nitrogen in terms. 
of its \Veight are more significant than those in terms of percent-
ages. 
The composition of the second crop. grown in the cultures of 
group A is given in Table 10. Irregularities similar to those found 
in the growth and nodulation were also found for the amount of 
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nitrogen and calcium in the plants. There was a general but incon-
sistent increase in these elements with an increasing degree of sat-
uration of the clay by calcium. The improved nitrogen fixation 
of the second crop as compared to the first crop wa:s probably as-
sociated with better inoculation. However, this was not true of 
the calcium-barium series as there was a negative fixation in each 
culture. The reason for this inconsistency is not evident. 
Influence lof Varying Degree of Saturation by Calcium and 
Methylene Blue.-As in the ca·se of growth and nodulation, the cal-
cium-methylene blue series showed no consistent or significant va-
riation in the chemical composition of the plants. The plants were 
able to absorb calcium and promote nitrogen fixation equally as 
well when grown in a clay system whose complex was 40 per cent 
saturated as when in a: clay system completely saturated by cal-
cium. Here again, the two methods of preparation of the calcium-
methylene blue-clays gave the same results. 
These results support the preceding suggestion, viz: that the 
ability of plants to a1bsorb calcium depends upon the amount and 
the energy of adsorption of the supplementaTy ion. If this ion is 
very strongly adsorbed by the clay, as is true for the methylene 
blue cation, the absorption of calcium from the clay by the plant 
is not hindered to any great extent, regardless of the relative pro-
portion of calcium to this supplementary ion. On the other hand, 
an ion which is not as strongly adsorbed by the cla:y, such as the 
potassium ion, will have a strong influence upon the plant's ability 
to secure exchangeable calcium. This effect will be more evident 
as the proportion of this supplementary ion to calcium increases; 
or as the degree of saturation of the exchange complex decreases to 
give a cor responding increase in this supplementary ion. 
Jenny a nd Cow a·n11 suggested that plants obtain exchange-
able elements from clay by the excretion of hydrogen ions from 
their roots. These hydrogen ions will replace the various adsorb-
ed ions, which may then be ta·ken into the plant. This theory sug-
gests that if the plants are feeding upon a clay system in which the 
exchangeable bases are 90 per cent calcium and 10 per cent potas-
sium, the excreted hydrogen ions will replace much more calcium 
than potassium. Consequently, the plants will be relatively rich 
in cakium and poor in potassium. However, the reverse· process 
will take place with a clay system only 40 per cent saturated by 
calcium and 60 per cent saturated by potassium, and the plants will 
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contain a small amount of calcium and a: relatively large amount of 
potassium. 
When this viewpoint of the plant's absorption behavior is ap-
plied to the calcium-methylene blue system, it results in a dif-
ferent picture. Since the methylene blue cations are very strongly 
adsorbed by the clay, the hydrogen ions wilil not replace them to 
any appreciable extent. Therefore, the full replacing energy of the 
hydrogen ions will be directed toward the replacement of the cal-
cium. Furthermore, this process should not be appreciably affect-
ed by a wide variation in the degree of saturation of the clay by 
calcium, as long as the bala·nce of the colloidal complex is saturated 
by methylene blue cations. In this case, the plants should be able 
to take up equal quantities of calcium from a series of calcium-
methylene blue-clay cultures at the same calcium level, regardless 
of the degree of sa:turation of the clay by calcium. 
In general terms, it may be said, that the amount of absorp-
tion of a given exchangeable cation by plants increases with an in-
crease in the degree of saturation of the adsorption complex with 
this cation, provided the total exchangeable supply of this element 
is uut varied and the supplementary cations m1y J:e correspond-
ingly more or less readily replaced under conditions existing in the 
system. 
Calcium, Magnesium, Potassium, Silica and Aluminum 
The quantities of calcium, magnesium and potassium in the 
plants from four series of cultures a:nd a.Isa the respective amounts 
TABLE 11.-RELATION OF THE DEGREE OF SATURATION OF THE CLAY BY 
CALL'IUM TO THE ABSORPTION OF DIFFERENT !ON$ BY THE PLANT 
I Total M. E. in 50 Plants I M. E. Absorbed from Clay b
y 50 Plants 
Culture ----, ---- I ., ' Number Ca Mg K Ca Mg K Total 
1 
2 
3 
4 
5 
1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 
4 
1.95 
2.54 
2.94 
3 .38 
3.48 
1.42 
2. 14 
2.68 
3.51 
1.56 
2.47 
2 .75 
3 .15 
3.72 
3.26 
3 . 13 
3.22 
I lfci"·1-rrTl!Tl!l I 
I 
gJ~ ca~~~rpoltaasiF~f°riels -g:g~ 
1 0 . 60 4.95 2.27 0.07 
0. 73 3.45 3 .10 0.20 
I 4 . 07 I Calcium-malgnesil'.ls5eriels 3 . 54 I 4.15 2.06 3.62 2.52 2.34 1.99 
1.69 ---- 2. 74 1.16 
Calcium-methylene Blue Series I 
I 0.62 I 2.52 I 3.31 I 0.09 I 0.63 2.46 2.85 0.10 0.71 2.64 2.70 0 . 18 
0.77 2.75 2.81 0.24 
0 . 09 
0.01 
-0.03 
-0.06 
-0.03 
4.68 
3.86 
2 . 29 
0 . 79 
-0.14 
-0.20 
-0.02 
0 . 09 
1.94 
2.38 
2. 71 
3.05 
3 .19 
5.63 
5 . 63 
4.63 
4.14 
4.69 
5 .68 
4.33 
3.90 
3.26 
2.76 
2 . 85 
3 ,14 
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absorbed from the clay by the plants are shown by the data given 
in Table 11. The total amount of each element in the plants in 
excess of that contained in the seeds was taken as that absorbed 
from the clay. An<l<lysis of the seed showed that 50 seeds contained 
0.41 ± 0.01, 0.53 ± 0.01 and 2.66 ± 0.04 milliequivalents of calcium, 
magnesium and potassium, respectively. 
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Fig. 14.-Relation of the degree of saturation of the clay by cal· 
cium to the bases absorbed by the plants. 
Some interesting relationships are found in the data giving the 
amounts of calcium and potassium, and of calcium and magnesium 
absorbed from the clay in the calcium-potassium and calcium-mag-
nesium series, respectively. These are shown graphically in Fig-
ure 1'4. As the degree of saturation of the day by calcium in-
creases, the absorption o.f calcium increa~es while that of potassium 
and magnesium decreases. There were small amounts of calcium 
and relatively large amounts of the supplementary ions replaced 
from the clay at the lower degrees of calcium saturation, while the 
opposite occurred at the higher saturation values. 
In those series of clays containing supplemeritary ions which 
were more or less readily replaced, namely, hydrogen, potassium, 
magnesium and barium, the plants were better able to absorb cal-
cium as. the degree of saturation of the clay by calcium was in-
creased, .while this relation was almost wholly eliminated by the 
methylene blue cation, which was replaced with difficulty. 
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The magnesium content of the plants was higher than that of 
the seeds in all cultures, except the No. 1 culture of the calcium-
potassium series, if one disregards the calcium-magnesium series. 
It is evident that the plants were able to absorb magnesium from 
the day in those cultures to which none was added. This suggests 
that a portion of the non-exchangeable magnesium existing within 
the crystal lattice of the colloidal particles may become exchange-
able through a: partial break down of the crystal lattice. That such 
a process involving magnesium and potassium may take place has 
been suggested by Kelly, Dore and Brown12• It was found that 
the plants contained also considerable quantities of silica and alum-
inum, thus indicating that such a process took place in this case. 
Further evidence on this point is given by the tendency of the gain 
in magnesium to increase with an increase in the acidity of the cul-
tures at the close of the growth period, since a lowering of the pH 
values of the clay should speed up the rate of decomposition of the 
colloidal particle. Reference to the pH values of the clay for the 
Ca:-H series in Table 8 in conjunction with the values for mag-
nesium absorbed given in Table 11 show this tendency. The data 
show the same tendencies on the smaller scale in the case of potas-
sium. The negative values indicate a loss of potassium by the 
plants to the clay. 
DATA SUMMARIZATION AS GENERAL AVERAGES 
The average values for the grorwth, nodulation and composi-
tion of the corresponding cultures of each of the series of groups 
A and B are given as a part of Ta•bles 3 and 8 and as Figure 15. 
The calcium-methylene blue series I is not induded in these data, 
because of the fundamental difference in nature of this series of 
days. There is a very striking similarity of the relationship of the 
degree of saturation of the clay by calcium to the different v-a~iable 
plant characters. The magnitude of each of the characters in-
creases significantly with an increase in the calcium saturation of 
the clay. However, it should be emphasized- that the principal 
controlling factor in the growth and nitrogc:n fixation is no doubt 
the actual supply of calcium in the plant, which is dependent di-
rectly upon the proportion of that element in the colloidal com-
plex. 
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Fig. 15.-Relation of degree of saturation of clay by calcium to the 
various plant characters (General averages of Groups A and B, calcium-
methylene blue series omitted). 
REACTIONS CHANGES OF CLAY 
33 
After the crop was removed, electrometri-c determinations of 
the pH value of the clay were made. If one assumes that the 
ba:ses absorbed from the clay by the plants are replaced by hydro-
• gen ions, then it is possible to calculate how much change in pH 
of the clay these added hydrogen ions should bring about by refer-
ence to the titration curve shown in F'igure 1. These calculated 
data together with the initial values are given in Tables 7, 8, 9 
and 10. 
There was a decided increase in the degree of acidity as a re-
sult of the activities of the plants. The magnitude of the shift in 
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the pH is dependent upon the quantity of bases removed per unit 
of clay. In the calcium-hydrogen series, the tendency was for a 
reversal of the original order of the reaction as shown by the values 
in Table 10 at the close of the second crop. This was to be expect-
ed, since the cultures having a high pH value at the start also con-
tained the smallest amounts of clay and supported the healthiest 
plants. In the series v.rhich had originally a neutral reaction, the 
shift towa:rd lower pH values was greatest in those cultures with 
a low clay content. The agreement between the observed and cal-
culated values after the first crop was reasonably close, except for 
the calcium-barium and calcium-methylene blue series. There was 
probably some absorption of these two supplementary ions by the 
plants, which was not considered in the calculations. The observed 
reaction following the second crop of group A cultures was consid-
erably lower than the calculated values. Another factor tending to 
lower the pH of the clay, especially in the case following the second 
crop on account of the time factor, is the probable absorption and 
assimilation of bases from the clay by the micro-organisms present, 
which would also increase the degree of acidity. 
Discussion 
The da·ta obtained in this investigation point out the impor-
tant role played by calcium in growth and nitrogen-fixing power o.f 
the soybean plant. The growth of the plant and especially its abil-
ity to fix atmospheric nitrogen are increased as the amount of cal-
cium absorbed by the plant increases-other growth factors re-
maining constant. These results indicate that the two soil con-
ditions \vhich largely control the amount of calcium absorbed from 
the soil by the plant are, first, the actual quantity of calcium pres-
ent in available form. and second, the degree of saturation of the 
clay adsorptive complex by this element. As the total amount 
available becomes greater at a constant degree of saturation, the 
rate of absorption by the plant becomes greater. Under the condj- · 
tions of this investigation, an increase in the a·vailable calcium from 
a value of 0.05 M.E. per plant to six times that value was accom-
panied by an increase of over 250 per cent in the amount of calcium 
in the plants. The better growth and nodulation was directly re-
lated to this increase in the cakium absorption by the plants. On 
the other hand, if the total available supply remains constant and 
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the degree of saturation of the colloidal complex by calcium is in-
creased, there is an accompanied stimulation in calcium absorption 
and other general plant activities. For the particular soil colloid 
used in this study, a constant level of exchangeable calcium ait 97 
per cent saturation for this nutrient element was approximately 
twice as effective in nodule production as it was at 40 per cent. 
T he total amount of calcium taken up by the crop was more than 
doubled. 
It is suggested by the data obtained that an important condi-
t ion a·ssociated with the observed influence of the degree of cal-
oium saturation of the clay, is the nature of the supplementary ca-
tion occupying the balance of the adsorptive complex. If this ion 
is more readily exchangeable, the degree of calcium saturation \vill 
have an influence upon the a:bility of the plant to absorb significant 
amounts of calcium, because in the process of excreting hydrogen 
ions from its roots in order to replace this nutrient from the col-
loidal complex, the plant will find it necessary to absorb other ions 
to the partial exculsion of cakium. As the proportion of this sup-
plementary ion is increased, the ability of the plant to secure ca1-
cium is decreased. The results show that this process is closely 
duplicated regardless of whether hydrogen, magnesium, barium or 
potassium represent the supplementary ion. This suggestion as-
signs to the hydrogen ion representing moderate to low· degrees of 
acidity, the same influence as tha:t sho·wn by the common nutritive 
cations in the calcium absorption by plants, and explains the detri-
mental effect of soil acidity as being due to the <:Jecreased absorp-
tion of nutritive cations, of which calcium is the most important. 
A neutra:l soil having a high proportion of potassium or magnesium 
should thus behave in a manner similar to tha·t of an acid soil as far 
as the calcium nutrition of plants are concerned. 
If the supplementary ion on the adsorptive complex is very 
strongly adsorbed and not readily exchangeable, the degree of cal-
cium saturation will have less or possibly no influence upon the 
amount of calcium or even other readily exchangeable cations, tak-
en by the plants. This gives significant importance to the adsorp-
tive energy of a pa·rticular cation as well as the amount present, in 
controlling the amount available for the plant. 
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